Working with ytterbium ͑Yb͒, we demonstrate dual-isotope magneto-optic traps of extreme experimental simplicity yet containing either fermion-boson or boson-boson isotope pairs. Pairs studied include 171 Dual-isotope magneto-optic traps ͑DIMOTs͒ ͓1-3͔ provide unique gateways to studies of mixed-isotope lightassisted collisions ͓1,3͔ and, potentially, to the production of unique systems such as quantum degenerate fermionic ͓4͔ and/or fermionic-bosonic gases ͓2,3,5͔ and interpenetrating bosonic superfluids ͓6,7͔. DIMOTs involving alkali-metal atoms have been demonstrated ͓1-3͔ but involve significant experimental complications such as the need for up to eight distinct cooling/trapping laser frequencies, isotopically enriched or artificially produced radioactive samples, and heating-induced loss of one isotope due to the trapping lasers for the other ͓2,3͔.
Dual-isotope magneto-optic traps ͑DIMOTs͒ ͓1-3͔ provide unique gateways to studies of mixed-isotope lightassisted collisions ͓1,3͔ and, potentially, to the production of unique systems such as quantum degenerate fermionic ͓4͔ and/or fermionic-bosonic gases ͓2,3,5͔ and interpenetrating bosonic superfluids ͓6,7͔. DIMOTs involving alkali-metal atoms have been demonstrated ͓1-3͔ but involve significant experimental complications such as the need for up to eight distinct cooling/trapping laser frequencies, isotopically enriched or artificially produced radioactive samples, and heating-induced loss of one isotope due to the trapping lasers for the other ͓2,3͔.
Ytterbium ͑Yb͒, on the other hand, provides for the realization of several distinct DIMOTs while avoiding all of these experimental complications. Comparable bosonic (A ϭ168,170,172,174,176) and fermionic (Aϭ171,173) isotopic abundance ͓8͔ eliminates the need for isotopically enriched samples while the significant cooling power of the 398.8-nm 1 S 0 -1 P 1 transition ͓9-11͔ enables efficient trap loading directly from a thermal source ͓9͔. Further, only two trapping-beam frequency components are required ͓8͔, a small range of frequency differences provides access to several separate isotope pairs ͓12͔, and the trapping beams for one isotope do not weaken the trap for the other ͓13͔. Trap dynamics can be probed nondestructively via weak excitation of the 555.6-nm 1 S 0 -3 P 1 intercombination transition ͓14͔. Additionally, Yb DIMOTs provide unique and to date unrealized opportunities to explore ͑1͒ cross-isotope collision dynamics in nuclear-spin-free systems, enabling quantitative comparisons with theory over a larger range of internuclear separations than is possible using alkali-metal atoms ͓1,3,15-18͔, ͑2͒ collisions between atoms with and without hyperfine structure, studies that cannot be performed with alkali-metal atoms ͓15,16͔, and ultimately ͑3͒ isotopic mixtures of quantum-degenerate fermionic and fermionicbosonic gases. Alkaline earths, having analogous internal level structure ͓20͔, offer similar possibilities but have less favorable or varied fermionic natural abundance ͓21͔ and 1 S 0 -1 P 1 trap lifetimes that are, due to excited-state leakage, one to two orders of magnitude shorter than those for Yb ͓9,22͔.
In this paper, we present a realization of a 
. ͑b͒ Schematic diagram of the experiment in the X-Z plane. AOM, acousto-optic modulator; CCD, charge-coupled-device camera; PMT, photomultiplier tube; AHC, anti-Helmholtz magnetic field coils; L, lens; /4, quarter-wave plate; DBS, dichroic beamsplitter; BS1, 50/50 beamsplitter; BS2, optical flat ͓see Fig. 1͑b͔͒ . The thermal Yb source comprises an effusion oven with a 2.3-mm-diameter output nozzle followed by a collimating skimmer ͑8 mm diameter, located 19 cm from the nozzle͒. A heater maintains the oven body ͑nozzle͒ at 450°C ͑625°C͒, resulting in a measured flux of 10 11 atoms/sec through the observed trapping region ͑1 cm 2 cross section, 35 cm downstream from the nozzle͒. Fluorescence from this region is imaged onto a charge-coupled device camera ͑CCD, which provides ϳ75 m resolution of trap features͒ and a photomultiplier tube ͑PMT͒ that is either sampled by a digital oscilloscope ͑500-s overall system response time͒ or used in photon-counting configuration. Bandpass filters allow selective detection of either the 555.6-nm or 398.8-nm trap fluorescence. In all that follows, the axial magnetic field gradient is 60 G/cm. Vacuum levels during the experiment are less than 10 Ϫ8 Torr. The bichromatic trapping beams are generated by passing 80-120 mW of 398.8-nm light through an acousto-optic modulator ͑AOM͒. The resulting zeroth-͑power P 0 , frequency 0 ͒ and upshifted first-order ͑power P 1 , frequency 1 ͒ beams are combined on a 50/50 beamsplitter ͑BS1͒, expanded to 1/e 2 intensity diameters of 1.5 and 1 cm, respectively, and split into three pairs of trapping beams. One pair, with relative power of unity, is normal to the atomic beam and parallel to the axis of the anti-Helmholtz coils ͑AHC͒. The other two pairs, normal to the first and with relative powers of 10, intersect the atomic beam at Ϯ45°.
The weak collimated 555.6-nm probe beam is produced by a ring dye laser ͑long-term linewidth less than 2 MHz͒, combined with a trapping beam traveling normal to the AHC axis, has a 1/e 2 intensity diameter of 5 mm, and is single passed through the atom cloud. Saturated absorption in an external Yb gas cell provides frequency markers for the Yb 1 S 0 -3 P 1 resonance.
In Fig. 2 , we plot the 398.8-nm photocount rate collected from the trapping region when P 0 ϭ80 mW, P 1 ϭ0 ͑single-isotope MOT operation͒, and 0 is scanned. 174B 2 ) transitions ͓14͔. In Fig. 3͑b͒ , we plot the 555.6-nm fluorescence collected from the trapping region when P 0 ϭ50 mW, P 1 ϭ15 mW, ␦ Yb. We find that N 174 is limited by the available laser power, which is small due to the low ͑less than 30%͒ diffraction efficiency exhibited by the AOM used to trap this isotope pair. Note that the frequency difference between the 1 S 0 -3 P 1 (m J ϭ0) resonance frequencies and the spectral location of the magnetically insensitive 1 S 0 -3 P 1 (m J ϭ0) fluoresence peaks ͓see the insets to Fig. 3͑b͔͒ Yb clouds can be determined ͓14͔. Note that the ability to observe real-time changes in relative trap populations is a powerful tool for investigating crossisotope interactions and a useful alternative to the trapdestructive techniques employed elsewhere ͓2,3,16,17͔.
Ensuring that the two trapped isotopes occupy the same spatial volume is essential to future experiments with trapped Yb isotope mixtures. In Fig. 4 we show, for the conditions of Fig. 3͑a͒ , the spatially dependent 398.8-nm fluorescence recorded by the CCD. Figure 4͑a͒ Yb DIMOT shown in Fig. 3͑b͒ . Using the observed cloud populations and radii, we find approximately equal peak spatial densities of nϳ2ϫ10 8 atoms/cm 3 . For this set of parameters, we do not find conclusive evidence for cross-isotope collisions ͑i.e., a change in the population or loss rates ͓1,3͔ of one isotope when the other is added or removed from the composite cloud͒. Note, however, that the fractional contribution to total trap loss made by intratrap collisions depends critically on the electronic structure of the interacting atoms and the cloud spatial density ͓15-18͔ and the trapping laser intensity and detuning ͓1,3,15-18͔. Future efforts will focus on increasing this contribution by optically repumping atoms shelved in the (6s6 p) 3 P 2,0 metastable states to increase the trap spatial density ͓9,17͔.
Observing quantum-statistical effects with cold dual or single Yb isotope samples requires significantly lower temperatures and/or higher spatial densities than observed here or in other experiments with trapped Yb. To date, groundstate magnetic trapping followed by forced rf evaporation ͓4,23͔ is the only proven strategy ͓24͔ for driving neutral atomic gases into the quantum-degenerate regime while Yb, like the alkaline-earth atoms, cannot be magnetically trapped (6s7s) 3 S 1 state would improve this transfer efficiency by roughly an order of magnitude ͓25͔, giving, for magnetic trap lifetimes у1 sec ͓26͔, magnetic trap populations of more than 10 7 atoms. Alternatively, precooling in a 1 S 0 -3 P 1 MOT ͓10͔, followed by magnetic-field switching and optical pumping to 3 P 2 (m J ϭ0) via excitation of the (6s6p) 3 P 1 -(6s7s) 3 S 1 transition (ϭ679.9 nm) would enable lower magnetic trap temperatures and higher spatial densities compared to the passive loading scheme described above. In either case, zero-background detection of the magnetically trapped atoms can be achieved using optical excitation of the (6s6 p) 3 P 2 -(6s7s) 3 S 1 transition ( ϭ769.9 nm) followed by observation of radiative decay from (6s7s) 3 S 1 to either (6s6p) 3 P 0 or the (6s6p) 3 P 1 states. Note that this entire process can be pursued with existing diode laser technology and could potentially be applied to the alkaline-earth atoms calcium and strontium ͓20͔.
In conclusion, we have presented a realization of both fermion-boson and boson-boson Yb DIMOTs, demonstrated the tremendous versatility and experimental convenience that Yb provides for these types of experiments, and described a unique pathway for magnetically trapping these cold samples. Our results are the first steps toward investigating unique types of light-assisted collision dynamics and a starting point for realizing quantum-degenerate mixtures of fermionic and bosonic Yb.
